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Introduction
While many of the sodium layered oxides NaMO2 (M is a transition metal) were first discovered before the end of the 1960s, 1 layered oxides NaxMO2 with x < 1 were synthesized for the first time in the 1970s. 2 In the following decade these materials were studied for the first time as positive electrodes in Na batteries. 3 In the past ten years, they have been intensively studied again for their potential use as positive electrode materials in Na ion batteries. 4 In these materials, sodium electrochemical de-intercalation and intercalation can lead to structural rearrangements that affect the electronic properties of the layered oxides, and therefore their electrochemical performance. As shown the NaxCoO2 system, Na + /Na + electrostatic repulsions between the (MO2)n layers formed by edge-sharing MO6 octahedra give rise to sodium ion/vacancy orderings and M 3+ /M 4+ charge ordering within these layers. 5 Complex compositions with several transition metal ions have led to good electrochemical performances by limiting sodium ordering between the (MO2)n layers, and therefore limiting the M 3+ /M 4+ charge ordering. 6 There is a fundamental interest in studying structural transitions in single-transition metal NaxMO2 systems, however, to gain understanding of the different mechanisms occurring in layered oxides upon cycling. NaxMO2 systems where M is a 3d element have already been intensively investigated from titanium to nickel. 3, 7 For example, sodium/vacancy ordering has been found in most of the Na1/2MO2 phases where M is a 3d element, 8, 9 whereas it has not been observed in Na1/2FeO2 nor in Na1/2TiO2 due to an irreversible Fe or Ti ion migration during the Na + deintercalation. 10 Moreover, it was observed that this sodium ion/vacancy ordering was correlated to the formation of V-V bonds in all the Na1/2VO2 polymorphs that were synthesized. 9 Few studies report on sodium electrochemical (de)intercalation in NaxMO2 phases, where M is a 4d single element, used as positive electrode in a sodium battery. 11, 12 Molybdenum system NaxMoO2 was first studied in 1984. Electrochemical and in situ X-ray powder diffraction studies performed on sodium batteries made with Na2/3MoO2 as the positive electrode revealed the complexity of the phase diagram MoO2-NaxMoO2 . 11 Recently, we reinvestigated this system in the composition range 0.5 ≤ x < 1 to explain the multiple-step aspect of the electrochemical curve using in situ synchrotron X-ray powder diffraction during the charge and the discharge of a sodium battery made with Na2/3MoO2 as the positive electrode. 13 Thirteen single phase domains were evidenced in the composition range 0.5 ≤ x < 1, 13 whereas the previous study mentioned only five phases in the sodium content range 0.28 ≤ x < 1. 11 Here we report the investigation of the NaxMoO2 phase diagram for sodium contents x ≤ 0.5 using electrochemistry combined with in situ X-ray diffraction. We aim to understand the possible structural transitions occurring in this composition domain and provide evidence for the existence of specific NaxMoO2 compositions.
(Sigma-Aldrich, 99%)), Mo (VWR, 99,9%) and MoO2 (Sigma Aldrich, 99%) were reacted in a gold tube sealed under argon for 90 hours at 700 °C after being previously ground together by ball milling (400 rpm/min for 3h). The product, a well crystallized black powder, was recovered in a glovebox under argon atmosphere. Small amounts of Na2MoO4 and Mo were present as impurities. These result from the decomposition of the layered NaxMoO2 phase at high temperature and their presence implies a deficit of sodium in the pristine material. The chemical composition was re-evaluated to Na0.63MoO2 according to the initial voltage measured when the material was used as a positive electrode in a sodium ion battery. 13 Electrochemical studies were carried out on Na | NaPF6 + 2% FEC in PC (1M) | NaxMoO2 batteries assembled in airtight 2032 type coin cells. At the positive electrode, the active material was mixed with carbon black to improve its electronic conduction and with PTFE (polytetrafluoroethylene) used as binder in a 88:10:2 weight ratio. Sodium batteries were galvanostatically charged and discharged at C/100 rate (1 Na + per formula unit (de)intercalated in 100 h) between 1.7 V and 3.5 V. The deintercalated NaxMoO2 phases were obtained by potentiostatic synthesis performed in a Swagelok-type sodium battery, with a pellet of Na2/3MoO2 mixed with carbon black (90:10 in weight) used as the positive electrode. The batteries were first charged galvanostatically to the voltage corresponding to the Fermi level of the targeted composition (2.5 V for Na0.5MoO2 and 3.5 V for Na~0.3MoO2 vs Na + /Na) and this voltage was continuously applied during the potentiostatic step until the current reached zero. The resulting materials were then recovered in a glovebox under argon, washed with dimethyl carbonate and dried under vacuum in order to be characterized by powder X-ray diffraction. Laboratory based X-ray powder diffraction measurements (Cusource Panalytical X'Pert Pro) were performed on Na~0.3MoO2 loaded in sealed glass capillaries (0.2 mm diameter). High resolution X-ray powder diffraction data for Na0.5MoO2 loaded in a sealed kapton capillary (0.8 mm diameter) were collected at 11-BM beamline at the Advanced Photon Source (APS) at Argonne National Laboratory using an average wavelength of 0.41417(2) Å. Discrete detectors covering an angular range from -6 to 16 ° were scanned over a 34 ° 2θ-range, with data points collected every 0.001 ° and scan speed of 0.01°/s. The powder was loaded in a sealed 0.8 mm diameter capillary. High resolution X-ray diffraction measurements were also performed at this beamline, using an average wavelength of 0.414224 (2) Å, at different temperatures: 100 K, 200 K, 260 K, 295 K, 380 K et 473 K. Le Bail refinements were carried out using the JANA2006 program. 15 Pair distribution functions (PDFs) were calculated for Na0.5MoO2 (the same sample as the one used for high resolution X-ray powder diffraction) from powder diffraction data recorded at 11-ID-B beamline at the APS using a wavelength of 0.2114 Å. The diffraction data recorded on an empty kapton capillary in the same conditions have been used to correct the diffracted intensity from the background. The measured diffracted intensity has been corrected from the incoherent scattering, the background, the polarization and the absorption using the adhoc method provided by PDFgetX3 software. 16 The corrected intensity I(Q) and the structure function S(Q) have been calculated using this program, with Q = 4sinθ/ λ. Reduced PDFs G(r) have been obtained by Fourier transforming S(Q) functions over the 0.5-24 Å -1 Q-range. Calculated PDFs have been obtained using the PDFgui software. 17 An in situ powder X-ray diffraction experiment was performed using a laboratory based X-ray powder diffractometer during the electrochemical process (Panalytical Empyrean diffractometer operating with Cu Kα1 radiation). An electrochemical cell specifically designed to enable X-ray diffraction acquisitions through a beryllium window was used. After a first galvanostatic charge to 2.5 V (which corresponds to a sodium electrochemical de-intercalation until the chemical composition of the positive electrode reaches Na0.5MoO2), the battery was charged using the Galvanostatic Intermittent Titration Technique (GITT) to 3.8 V (Na~0.25MoO2) alternating 1 hour of charge at C/100 and 4 hours of relaxation period. The cell was then discharged under the same conditions back to 2.5 V. X-ray diffraction data were collected for 2 hours at the end of each relaxation period over the 2θ-range 13° ≤ 2 ≤ 46°. Le Bail refinements were carried out using the JANA2006 program. 15 
Results

Electrochemical characterization
The starting material Na2/3MoO2 was obtained from solid state synthesis and used as a positive electrode in a sodium ion battery. The battery was cycled between 1.7 V (Na~0.63MoO2) and 3.5 V (Na~0.28MoO2) at a low rate (C/100). The first cycles are presented Figure 1 along with the resulting derivative curve dE/dx = f(x). Electrochemical sodium (de)intercalation is shown to be reversible in this voltage range, in agreement with the previous electrochemical study of this system. 11 However, a slight shift towards lower sodium contents is observed for the second charge. This is due to the degradation of the liquid electrolyte NaPF6 in PC (1M) + 2 % FEC at high voltage which induces an imprecision on the calculation of the sodium contents that are therefore evaluated only on the first charge (derivative) curve. Although this liquid electrolyte was found to be stable in the 0-5 V window voltage range when aluminum was used as the working electrode, 18 we empirically observed that the electrochemical stability of liquid electrolytes actually depends on the nature of the transition metal ion present in the layered oxide used as the positive electrode. The first charge of the battery begins with a multi-step variation of the cell voltage in the 0.5 ≤ x ≤ 0.63 composition domain. It results from the existence of several narrow single phase domains close in sodium content. This was previously reported in our first investigation of the NaxMoO2 system for high sodium contents (x ≥ 0.5) by in situ X-ray diffraction. 13 For x = 0.5 a large voltage step (0.9 V) is observed, indicating the formation of a very stable phase. A detailed study of the material in the vicinity of this composition is presented in the next section. For sodium content x < 0.5, the variation of the cell voltage is less complex, suggesting a simple phase diagram. Firstly, the voltage continuously increases until the Na0.37MoO2 composition, suggesting the existence of a solid solution in the 0.37 ≤ x ≤ 0.5 composition range. A biphasic domain between Na~0.37MoO2 and Na0.33MoO2 is then indicated by a voltage plateau around 3.17 V. Several small voltage steps occur in the x-range 0.30 ≤ x ≤ 0.34. This is particularly visible on the section of the dE/dx charge derivative curve (presented in the insert in Figure 1 ) where two peaks characteristic of NaxMoO2 single phases appear at x  0.34 as well as x  0.33. No strict conclusions can be made regarding the phase transitions observed at x < 0.33 on the charge curve because they may result from the electrolyte degradation observed even at this moderate voltage. On discharge, these transitions are less visible on the electrochemical curve. It should be noted that the compositions derived from the discharge curve are slightly shifted to lower values due to polarization phenomena. This type of behavior is observed when the formation energy of a new phase is different to that required to make the opposite reaction. However, the features of the second charge are very similar to those of the first charge, implying that the previously described transitions are completely reversible.
Structural characterization of the Na0.5MoO2 material
As a large voltage step is observed around the Na0.5MoO2 composition, a sodium ordering was thought to exist at this composition that would explain the relative stability of this phase. High resolution X-ray powder diffraction was therefore used to try to determine the structure of the material Na0.5MoO2 obtained by potentiostatic sodium electrochemical de-intercalation. Its pattern is shown in Figure 2 .
At first, we found that the diagram could be indexed using the monoclinic cell (Space group: C2/m) proposed for a similar layered molybdenum oxide, NaMo2O4. 19 In this structural model, sodium ions were not found to be ordered and it was proposed that they partially occupied all the available octahedral interstitial sites. However, it was shown that molybdenum atoms were shifted from the center of their octahedral sites within the (MoO2)n layers to form infinite zigzag chains with short Mo-Mo distances within the chains (2.535 Å) and long Mo-Mo inter-chains distances (3.20 Å). This cell corresponds to a superstructure (Number formula units Z = 4) of the classical subcell (Z = 2, space group: C2/m, noted as the O'3 subcell) usually used to describe the structure of sodium layered oxides when a monoclinic distortion of the O3 hexagonal symmetry occurs. The refined cell parameters for our sample were found to be only slightly different compared to those reported previously. 19 The profile refinement performed using Le Bail method considering both the subcell and superstructure cell is shown in Fig. 2 a and b , respectively, along with the experimental data. The refinement considering the superstructure gives the following cell parameters: a = 12.454(1) Å, b = 2.8861(2) Å, c = 4.9332(3) Å, β = 103.969(6)°. The indexation of two diffraction reflections around 5° is only possible when the supercell is used, indicating the existence of a superstructure for Na0.5MoO2. However, for hkl reflections with k  0, shoulders on both sides of the diffraction peaks were observed and could not be indexed using this monoclinic cell. (Insert Figure 2b and Figure  S1 ). This suggests that a second phase with a very similar layered structure but with a triclinic symmetry coexists, leading to the splitting of the hkl reflection into two reflections, hkl and h-kl. The cell parameters of the secondary phase with the triclinic symmetry are deduced from those of the monoclinic cell: α and γ were allowed to deviate from 90 °. A profile refinement was performed using Le Bail method and a good fit of the experimental data was achieved considering two phases (Figure 2c ). To make the comparison of the cell parameters of each phase possible, a non-standard space group C-1 was used for the triclinic phase to refine its cell parameters. They were found to be very close to those of the monoclinic phase: a = 12.455 (1) A close look on the electrochemical curve around Na0.5MoO2 composition reveals a change in slope at the top and at the bottom of the voltage step in charge and in discharge, respectively (encircled in red dashed lines on Figure 1a) . Moreover, several peaks are observed for the same composition range on the derivative curve dE/dx = f(x) (Insert in Figure 1a) . In order to have more insight on this peculiar behavior a cyclic voltammetry experiment was performed between 2.0 V and 3.1 V at 6μ V/s corresponding to an average C/500 rate ( Figure S2) . The presence of several reversible peaks alongside the main redox process, which remain after 3 cycles, shows the complexity of the electrochemical de-intercalation and intercalation at the Na0.5MoO2 composition. This shows that several single phases NaxMoO2 exist with a composition close to Na0.5MoO2, including those with the monoclinic and the triclinic symmetries. Collecting X-ray diffraction patterns at various voltages between 2.1 V and 3.0 V during in situ experiments did not allow isolating neither the monoclinic phase nor triclinic one. In all cases diffraction peaks characteristic of both materials were always simultaneously observed. A thermal treatment was then used to try to isolate one of the two phases existing with a composition close to Na0.5MoO2. Increasing the temperature would indeed favor the existence of the phase with the most symmetric structure (here monoclinic) whereas lowering it would allow to isolate the less symmetric structure (here triclinic). High-resolution powder X-ray diffraction patterns of the Na0.5MoO2 material were therefore collected at various temperatures when the sample was heated up (100 K, 200 K, 260 K, 295 K, 380 K and 473 K) (Figure 3a) . No significant change was observed on the X-ray diffraction patterns during the heat treatment, indicating that the layered structure was stable over this temperature range. To follow the evolution of the monoclinic phase/ triclinic phase ratio, the Xray diffraction patterns in the 2θ-range 9.4° -10.2° are shown in Figure 3b . The evolution in the proportion of the triclinic phase is highlighted by the changes in intensity of the -111t and -1-11t reflections at approximately 9.56°, as well as that of 111t and 1-11t ones at approximately 10.04°. The intensity of these reflections decreases at high temperature and increases at low temperature, indicating that, as expected, the triclinic phase is stabilized at low temperature and the monoclinic phase at high temperature. However, none of these two phases were isolated in this temperature range which was limited by the experimental setup. The presence of two phases whose structures have very close cell parameters leads to an important overlapping of the Bragg reflections. No reliable structural model could therefore be determined from powder X-ray diffraction data. Experimental reduced PDFs were obtained at room temperature for the same sample Na0.5MoO2 which was used for the high-resolution powder X-ray diffraction data collection (Figure 4) . As the sample contains two phases, it was not possible to determine any structures from the experimental reduced PDFs. Nevertheless, they clearly show that the molybdenum atoms rearrange within the (MoO2)n layers to form short Mo-Mo bonds (2.53 Å), intermediate Mo-Mo bonds (2.88 Å) and long Mo-Mo bonds (3.20 Å). These experimental Mo-Mo distances are compatible with those in the Mo-Mo zigzag chains that were found in NaMo2O4 from single crystal diffraction. 19 The presence of the two phases with a composition close to Na0.5MoO2 was always observed after the sodium electrochemical de-intercalation from several batches of Na2/3MoO2. One can assume that two phases are already present in the initial material Na2/3MoO2, resulting from a small inhomogeneity in composition for example, and that their structure will only be different for a composition close to Na0.5MoO2. A similar behavior was observed for LiCoO2, which can exist with a small lithium excess (lithium ions occupy cobalt sites and oxygen vacancies ensure the electroneutrality). When lithium is de-intercalated to reach the composition Li0.5CoO2, two phases coexist. One is obtained from the stoichiometric LiCoO2 whose structure is monoclinic, whereas the other one comes from the Li over-stoichiometric "LiCoO2" whose structure remains hexagonal. 20 Both materials coexist in the real samples used in commercial batteries. In situ X-ray diffraction
General overview
To better understand the structural transitions occurring during the electrochemical process in the NaxMoO2 material for x ≤ 1/2, an in situ X-ray diffraction experiment was performed during the charge and the discharge of the battery made of Na2/3MoO2 at the positive electrode. The cell was cycled in the 2.5 V -3 V range. Prior to the experiment, the cell is charged to 2.5 V to reach Na0.5MoO2 composition. All X-ray diffraction patterns collected during the experiment are represented next to the electrochemical GITT curve (Figure 5) . The general evolution of the X-ray diffraction patterns shows the good reversibility of the de-intercalation process. To establish the phase diagram, X-ray diffraction patterns are enlarged in three 2-ranges and represented along with the electrochemical curve to compare the structural transitions to the voltage changes (Figure 6) . In discharge the general evolution is very similar to that observed during the charge. Nevertheless, in the 0.37 -0.50 range, the diffraction peaks are broader than those observed in charge. This is an evidence of a hysteresis phenomenon due to the nucleation mechanism, which will be further discussed. However, at the very end of the re-intercalation the Na0.5MoO2 phase is still obtained with a diffraction pattern very similar to that of the initial material. The Please do not adjust margins Please do not adjust margins comparison of the X-ray diffraction patterns emphasizes the reversibility of the structural transitions. 
Determination of the phase diagram from the in situ X-ray diffraction study upon charge
Due to the instability of the electrolyte above 3.3 V, which is magnified in the low rate GITT experiment, the phase diagram was studied during the charge (Figure 6a) . The discharge shows only the reversibility of the process. All the experimental X-ray diffraction patterns recorded during the in situ experiment were found to have similarities with that of Na0.50MO2. In the previous part we have shown the existence of a superstructure (Z = 4) for this composition characterized by two diffraction reflections in the 2θ-range 5-6° that can only be indexed using the superstructure cell. These diffraction peaks are visible on in the 2θ-range 18-21 ° on the X-ray diffraction patterned during the in situ experiment performed in our laboratory. As soon as sodium is de-intercalated from the Na0.5MoO2 phase, they disappear; they reappear in discharge for the composition Na0.5MoO2 The common monoclinic subcell with Z = 2 was therefore used to index the most intense reflections on its X-ray diffraction pattern recorded during the in situ experiment to facilitate comparisons with the different phases obtained during the electrochemical process. Cell parameters of these phases are reported Table 1 . The evolution of the position of the 002m reflection is correlated to the distance between two successive (MoO2)n layers and it is a good indicator to differentiate solid solutions from biphasic domains. 13, 21 The overall changes in the cell parameters are emphasized by the displacement of the 110m, -201m, -111m and 200m reflections. As sodium is de-intercalated from Na0.5MoO2, X-ray diffraction peaks at high angles broaden until Na0.37MoO2 is formed. The phase diagram is therefore deduced only from the evolution of the 002m diffraction peak in the 0.37 ≤ x ≤ 0.5 composition domain. From Na0.42MoO2 composition, the 002m reflection continuously shifts towards higher angles with no change in its width until Na0.4MoO2 is obtained. This is characteristic of a solid solution behavior. At high angles, some diffraction peaks are still very broad suggesting that structural defects exist in the layered structure in this composition domain. Table 1 : Refined cell parameters for specific NaxMoO2 phases obtained from the profile refinement performed using the Le Bail method with X-ray diffraction data collected during the charge of the in situ experiment.
x in NaxMoO2
Space group Cell parameters Interslab distance (Å) Between Na0.4MoO2 and Na0.37MoO2 compositions the 002m diffraction peak broadens and narrows again, indicating the existence of a new biphasic domain which was not suggested by the electrochemical characterization. For Na0.37MoO2, diffraction peaks at high angles become narrow again indicating a better homogeneity for this composition. When sodium is deintercalated from Na0.37MoO2 a biphasic domain occurs between Na0.37MoO2 and Na0.33MoO2 compositions with a significant shift of the 002m diffraction peak towards higher angles. This indicates a sharp decrease of the interlayer distance for Na0.33MoO2. The formation of the Na0.33MoO2 phase is associated to the voltage step observed on the electrochemical curve at 3.3 V. Moreover, the X-ray diffraction pattern of Na0.33MoO2 shows extra diffraction peaks at small angle at approximately 23°, which are not indexed in the monoclinic subcell (Z = 2, space group: C2/m). These peaks could be the result of sodium/vacancy orderings between the (MoO2)n slabs, which would particularly be expected for this sodium content (x = 1/3). 22 As it was discussed for NaxMoO2 phases with sodium contents x > 0.5, 13 Mo-Mo bonds patterning in the (MoO2)n slabs could also be expected which could affect the transport properties within the positive electrode material upon cycling. After the voltage step, there is no variation of the X-ray diffraction pattern of the Na0.33MoO2 phase. Nevertheless, a broad diffraction peak appears at 18.6° (d = 4.77 Å). Given its position, width and constant increasing intensity upon sodium de-intercalation, this peak is likely correspond to the 00l reflection of a highly de-intercalated phase NatMoO2 with a very short interlayer distance.
Such highly de-intercalated phases have been evidenced in several other NaxMO2 systems. For example, in P2-NaxMn1/2Fe1/2O2 and O3-NaxMn1/3Fe2/3O2, 23 broad diffraction peaks appeared at high voltage and they were thought to belong to a highly de-intercalated, poorly crystallized phase (x ≈ 0.15). In P2-Nax(Ni1/3Mn2/3)O2 24 and O3-LixMO2 (M = Ni, Co) [25] [26] [27] , the alkali de-intercalation is complete and leads respectively to the formation of O2-(Ni1/3Mn2/3)O2, O1-NiO2 and O1-CoO2 phases. The interlayer distances measured in O1-CoO2 (4.29 Å 27 ) and O1-NiO2 (4.52 Å 26 , 4.34 Å 28 ) are in the same order of magnitude as the interplanar distance measured from the in situ X-ray diffraction patterns (4.77 Å). Nevertheless, the relative intensity of the 00l reflection is very low compared to the 001 peak of the Na0.33MoO2 phase, even on the last X-ray diffraction pattern collected at high voltage during the in situ experiment. Attempts to continue the charge beyond 3.8 V in order to increase the relative intensity of the 00l reflection and observe additional diffraction peaks belonging to NatMoO2 were unsuccessful. At this voltage, there is a strong polarization and a degradation of the liquid electrolyte occurs that prevents further sodium de-intercalation from Na0.33MoO2. Therefore we cannot determine precisely the structure nor the composition of this highly de-intercalated phase. X-ray diffraction patterns were also collected during the discharge of the electrochemical cell back to 2.5 V corresponding to the Na0.5MoO2 composition (Figure 6b) . Firstly re-intercalation of sodium into the NaxMoO2 material at high voltage induces the disappearance of the 00l diffraction peak of the highly de-intercalated phase NatMoO2. This shows that the sodium de-intercalation is reversible and the intercalation within the highly de-intercalated phase is possible. This confirms that this latter phase still has a layered structure. As previously suggested by the aspect of the electrochemical discharge curve (Figure 1) , the behavior of the NaxMoO2 material during the discharge of the cell (Figure 6b ) is slightly different for x > 0.33 than the one previously described during the charge (Figure 6a) . After sodium intercalation into Na0.33MoO2, two successive biphasic domains occur. Their existence is indicated by the continuous shifting and broadening of the 002 reflection in both single phase domains. No well crystallized single phase is observed for the composition Na0.37MoO2 nor solid solution in the composition range 0.4 ≤ x ≤ 0.42. However, the broadening of the diffraction reflections induced by the strong structural rearrangement occurring prior to the formation of Na0.5MoO2 phase is still observed during the discharge.
Discussion (MoO2)n stacking
To complete the phase diagram, the stacking types adopted by the structure of the NaxMoO2 phases (x < 0.5) were determined. Reliable structural determination could not be achieved using the Rietveld method on the X-ray diffraction patterns collected during the in situ experiment due to the limited number of reflections recorded during this experiment. However information regarding the stacking of the (MoO2)n layers and the geometry of the interstitial sites occupied by sodium can be empirically determined by analyzing the intensity ratio of two sets of two Bragg reflections. 13 When 111m and202m reflections, arising from the splitting of the 104h reflection in the hexagonal cell due to the monoclinic distortion, are more intense than -112m and 201m ones, arising from the splitting of the 015h reflection in the hexagonal cell, it indicates that sodium ions occupy octahedral sites, whereas they occupy trigonal prismatic sites when -112m and 201m reflections are more intense. The intensity ratio between these two sets of reflections was studied using the X-ray diffraction patterns collected during the charge. The zoom of the X-ray patterns of three main NaxMoO2 single phases obtained in this study (x = 0.5, 0.37 and 0.33) in the relevant 2-range is presented Figure  7 . It reveals clearly that sodium occupies octahedral sites in Na0.5MoO2 and Na0.33MoO2 as 111m and -202m reflections are more intense. Unfortunately, these reflections are hidden for Na0.37MoO2 by a sharp diffraction peak coming from the in situ cell. However, sodium ions seem to be located in octahedral sites too in this material as the intensity of the -112m and 201m reflections is low. This indicates that sodium environment does not evolve during the sodium electrochemical de-intercalation and intercalation in NaxMoO2 phases in the composition range x ≤ 0.5 and that these phases all have the O'3-type structure. On the contrary, in the composition range 0.5 ≤ x ≤ 1, (MoO2)n layers were found to reversibly glide during the electrochemical process to give rise to trigonal prismatic sites for sodium ions for NaxMoO2 phases within the composition range 0.58 ≤ x ≤ 0.72. 13 On the peculiar behavior of the 0.50 -0.37 domain.
From a general point of view, upon ionic de-intercalation the average in-plane metal-metal distance monotonously decreases while the interslab distance increases in layered oxides. 29 This is observed in the NaxMoO2 system in the composition range 0.5 < x < 1. 13 For x < 0.5 the opposite effect is observed: in-plane metal-metal average distance which corresponds to the b-parameter increases and the interslab distance decreases (Table I ). This anomalous increase of the inplane distance upon oxidation could result from a decrease of the number of Mo-Mo bonds in the (MoO2)n layers when Mo 3+ (d 3 ) is oxidized to Mo 4+ (d 2 ). The peculiar behavior observed in the 0.5 -0.37 domain leads to the following question: are these solid solutions or biphasic domains? Both end members (x = 0.37 and x = 0.50) are quite well crystalized with well-defined diffraction reflections. Some diffraction reflections do not exhibit broadening while some other are strongly modified. This behavior is characteristic of the formation of stacking faults in the stacking of the (MO2)n layers. As discussed in the previous part, sodium ions stay in octahedral interstitial sites. Therefore, one can assume that the defects result from the distribution of Mo ions within the (MoO2)n slabs. If the two phases present different Mo patterns due to different Mo-Mo bonding, the nucleation of one phase into the other does not occur in a statistical way, which would not lead to a true solid solution, but to the formation of small domains leading to the appearance of pseudo-phases on the Xray diffraction pattern ( Figure 6 ). From the electrochemical point of view, an average potential is observed suggesting a solid solution behavior. The classical electrochemical model used to describe the behavior of battery materials is valid only for ideal structures. A similar behavior was observed for the alpha/gamma transition occurring in cycling of the Nickel electrode on the Ni-Cd batteries but not explained at that time. 30 
Conclusions
We have shown that the electrochemical sodium (de)intercalation in the NaxMoO2 material is reversible in the 0.25 ≤ x ≤ 0.63 composition range. The phase diagram of the NaxMoO2 system for low sodium contents (x ≤ 0.5) has been established by in situ X-ray diffraction. Figure 8 resumes the phase diagram during the charge and the discharge of a battery made of Na2/3MoO2 at the positive electrode and it shows a good agreement between the structural transitions evidenced Please do not adjust margins
Please do not adjust margins by in situ X-ray diffraction and the voltage variation on the electrochemical curve. The phase diagram is less complex than the one previously determined for sodium contents x ≥ 0.5, 13 but three single phase domains (0.4 ≤ x ≤ 0.42, x = 0.37 and x = 0.33) have still been evidenced during the charge. Furthermore, X-ray diffraction patterns for the Na0.5MoO2 and Na0.33MoO2 phases are characterized by the presence of superstructure peaks suggesting the existence of specific atomic arrangements in the structure. This could result from sodium/vacancy orderings and/or from the patterning of Mo-Mo bonds within the (MoO2)n slabs, which was confirmed by pair distribution functions analysis in the Na0.5MoO2 phase. The occurrence of these Mo-Mo interactions could modify the transport properties of the positive electrode material during cycling, making the use of molybdenum sodium layered oxides in real sodium-ion batteries unlikely. The existence of a highly deintercalated NatMoO2 phase has been evidenced at high voltage.
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